Introduction {#S0001}
============

Bariatric surgery has been reported to be effective not only for body﻿-weight loss but also for improvement in obesity﻿-related comorbidities, such as type 2 diabetes mellitus (T2DM).[@CIT0001],[@CIT0002] Roux-en-Y gastric bypass (RYGB) and sleeve gastrectomy are superior to medical treatment for T2DM, according to a 5-year prospective randomized clinical trail, which led to the consensus that bariatric surgery should be listed in the treatment algorithm of T2DM.[@CIT0003],[@CIT0004] Moreover, RYGB shows better long-term effects than vertical sleeve gastrectomy, which raises interest in physiological changes in the long term after RYGB.[@CIT0003] However, the mechanism underlying the remission of T2DM after RYGB remains poorly understood. Different animal models of bariatric surgery have been used,[@CIT0005]--[@CIT0007] but creating a mouse model of RYGB is a technical challenge. Long-term metabolic effect of RYGB in mouse models have rarely been reported. Based on our experience with a mouse model of duodenojejunal bypass[@CIT0008] and other reports,[@CIT0009],[@CIT0010] we refined the surgical technique and successfully established an effective RYGB mouse model with no mortality. In this report, the long-term effect of RYGB is presented, with analysis of energy metabolism.

Methods {#S0002}
=======

Animals and Diet {#S0002-S2001}
----------------

Male C56BL/6J mice aged 7 weeks (Hunan SJA Laboratory Animal) were housed in groups under 12-hour light/dark cycles (lights on at 7 am) and a room temperature of 21°C--23°C, and provided food and water ad libitum before surgery. Upon arrival at the Second Xiangya Hospital of Center South University Animal Research Center, mice were introduced to a high﻿-fat diet (60% kcal%; Research Diets, D12492) for 12 weeks until they reached a body weight of 40--50 g (we identified obesity as body weight \>25% compared to age-matched chow-fed counterpart[@CIT0011]). Mice were assigned to two groups according to body﻿-weight match: RYGB (n=8) and sham (n=7). Mice were feed with Ensure as liquid diet at 24 hours before surgery. The body weight of mice was not significantly different between the groups before surgery. Under the *Guide for Care and Use of Laboratory Animals* issued by the Ministry of Science and Technology of China in 2006, the Institutional Animal Care and Use Committee of Second Xiangya Hospital of Central South University approved all experiments.

Anesthetization {#S0002-S2002}
---------------

General anesthesia was induced in the induction chamber with 5% isoflurane (0.4 L/min) and O~2~ (dioxygen; 0.4 L/min). After loss of consciousness, mice were transferred to the operating table and continuously anesthetized with 2% isoflurane (0.4 L/min) and O~2~ (dioxygen; 0.4 L/min) through a nozzle of the anesthesia system. Mice were placed on heating pads in dorsal recumbency. Abdominal skin was molted by depilatory cream and disinfected with povidone--iodine swabs. The entire body was covered with sterile surgical drape. During surgery, body core temperature was maintained within 30°C--32°C. Respiration rate and toe-pinch tests were used to confirm the depth of anesthesia.

Roux-en-Y Gastric Bypass {#S0002-S2003}
------------------------

Before this study, we performed RYGB on 17 diet-induced obesity (DIO) mice, but postoperative mortality was very high. Then, based on our previous experience with duodenojejunal bypass[@CIT0008] and the modified RYGB model reported by Yin et al,[@CIT0009] we made technical improvements to minimize surgical complications. ﻿A 2cm--long midline incision was made right below the xiphoid process and then two stay stitches placed on each side of the incision for retraction to expose the abdomen. The mesocolon was exposed and the ligament of Treitz identified by moving the small bowel with a moistened cotton bud, then the jejunum was ligated with an 8/0 suture at 4cm distally to the ligament of Treitz, where normally there is a nonvascular gap on the mesentery. The jejunum was transected at the right proximally to the ligation, and as a result the proximal part of jejunum was the biliopancreatic (BP) limb ([Figure 1A](#F0001){ref-type="fig"}).Figure 1Surgical techniques of RYGB. (**A**) Jejunum transected proximally to the ligation; (**B**) end-to-side jejunojejunostomy between BP limb and AL limb; (**C**) 2 mm--long incisions on AL limb and distal part of esophagus just superior to EGJ; (**D**) side-to-side anastomosis between distal part of esophagus and AL limb; (**E**) entire alimentary tract showed completely excluded stomach and patent anastomosis after RYGB.

The designated alimentary (AL) limb measured 4 cm from the point of ligation on the distal part of the jejunum, and a 2 mm longitudinal incision was made at the end of the AL limb in preparation for subsequent anastomosis. Then, end-to-side jejunojejunostomy was performed between the BP limb and the AL limb in an interrupted fashion with 11/0 suture ([Figure 1B](#F0001){ref-type="fig"}). Small, saline-soaked gauze was placed around the liver, stomach, and spleen to expose the epigastric area, and ligaments between the liver and distal part of the esophagus were divided to expose the esophagogastric junction (EGJ). The EGJ was ligated with 8/0 suture and the suture then stitched to a saline-soaked gauze ball as a retraction to expose the distal part of the esophagus. A 2 mm--long incision ﻿in the esophagus on the right of and superior to the suture ligation was performed with scissors ([Figure 1C](#F0001){ref-type="fig"}). The proximal end of the AL limb was placed near the EGJ and a 2 mm--long incision was made, then side-to-side anastomosis was performed between the distal part of the esophagus and the AL limb with running 11/0 suture ([Figure 1D](#F0001){ref-type="fig"}). The abdominal incision was closed with 4/0 absorbable suture after realignment of the small bowel, followed by subcutaneous injection of 1 mL saline (0.9%) for fluid compensation and 1 mg/kg buprenorphine.

Surgical Procedure in Sham Group {#S0002-S2004}
--------------------------------

The Sham procedure consisted of laparotomy, jejunal transection 4cm distally to the ligament of Treitz, and reanastomosis in situ. Sham﻿-group mice had the same operating time and received the same perioperative care.

Postoperative Care {#S0002-S2005}
------------------

Mice were placed on an electric blanket to regain consciousness and continuously monitored until normal behavior (walking and standing without falling), before being transferred to a cage and given water and liquid al libitum. The incubator temperature was set at 30°C. A solid high-fat diet was resumed once defecation had been observed. Because surgical stress can inhibit mouse grooming habits and lead to hair wetting, we used dry swabs to groom them twice a day. Mice produced loose and shapeless stools for about 2 weeks after RYGB, which can lead to rectocele. We nursed anuses with normal saline daily.

Body Weight and Composition {#S0002-S2006}
---------------------------

Body weight was measured every Thursday between 10 and 12 am throughout the duration of the study. Body composition --- fat mass, lean mass, and fluid mass --- was measured with Dexa (GE Medical Systems, Madison, WI) at 0, 4, 8, and 12 weeks after surgery. The adiposity index was calculated by dividing fat mass by lean mass.

Food Intake {#S0002-S2007}
-----------

Food intake was measured weekly by housing the mice individually for 24 hours on an elevated grid floor without bedding. Intake was calculated by subtracting the amount of food remaining plus spillage found under the grid floor (distinguishable by the blue high-fat crumbs) from the previous day's measurement.

Fecal Energy Analysis {#S0002-S2008}
---------------------

Feces were collected over 24 hours in postoperative week 12. Feces were weighted and kept in a −80°C refrigerator. Fecal gross energy was measured using a ballistic bomb calorimeter (C6000; IKA, Staufen, Germany) after feces had been dried in an oven. Results are presented as thermal energy per gram of feces.

Metabolic Chambers {#S0002-S2009}
------------------

Oxygen consumption and carbon dioxide output were measured in metabolic chambers at 4, 8, and 12 weeks after surgery. Mice were transferred to a Comprehensive Laboratory Animal Monitoring System (Columbus Instruments, OH, USA) under a 12-hour/12-hour day/night cycle (lights on at 7 am). Mice were adapted to the cage for 24 hours before each trial. Data were analyzed with Oxymax software (Columbus Instruments). Equations used were respiratory exchange ratio (RER) = VCO~2~/VO~2~ and energy expenditure (EE) = (3.815 + 1.232 × RER) × VO~2~ × 0.001 (kcal/\[kg × h\]). Due to the stress brought on by metabolic chambers, which can lead to great weight loss and even death, as we observed in our pilot study, mice from the RYGB group were divided evenly into two groups: one group was put into the chamber at 4 and 8 weeks after surgery, and the other group at 12 weeks after surgery.

Glucose Metabolism {#S0002-S2010}
------------------

Mice were pre-stimulated for 1 week and fasted overnight before testing at 11 weeks after surgery. The intraperitoneal ﻿glucose﻿-﻿tolerance ﻿test (IPGTT) was performed after administering glucose solution (1.5 g/kg body weight) by intraperitoneal injection, while the ﻿insulin﻿-﻿tolerance ﻿test (ITT) was conducted with intraperitoneal injection of insulin at 0.75 U/kg body weight after 6 hours' fasting. In both experiments, blood﻿-glucose levels were measured from tail cuts at 0, 15, 30, 60, and 120 minutes after injection.Glucose and insulin tolerance were assessed by calculating the area under the glucose curves (AUC).

Statistical Analysis {#S0003}
====================

Statistical analysis was performed using SPSS 19.0 and Prism 6 software with ANOVA or Student's *t*-test. Data are expressed as means ± SEM. *P*\<0.05 was considered statistically differences.

Results {#S0004}
=======

Mice were euthanized and underwent laparotomy at 12 weeks after surgery. Abdominal viscera and entire alimentary tracts were examined to ensure the complete exclusion of stomach and patency of anastomosis ([Figure 1E](#F0001){ref-type="fig"}).

RYGB Resulted in More Body-Weight Loss Without Reducing Food Intake {#S0004-S2001}
-------------------------------------------------------------------

The body weight of mice in the RYGB group dropped significantly in the first 2 weeks after surgery and continued to decline for 2 more weeks, until approximately 36%±3.7% original body weight had been lost, then remained stable for the next 8 weeks. In the sham group, mice lost about 10%±1.3% body weight in the first week after surgery due to surgical stress, then started to regain weight gradually. At 4 weeks after surgery, body weight had already exceeded preoperative levels in the sham group ([Figure 2A](#F0002){ref-type="fig"} and [B](#F0002){ref-type="fig"}). Food﻿-intake measurement demonstrated that mice in the RYGB group ate less in the first 3 weeks than the sham group. From postoperative week 4, food intake was no different between the two groups ([Figure 2C](#F0002){ref-type="fig"}).Figure 2RYGB led to durable weight loss and increased fecal energy loss. (**A**) Absolute body weight significantly lower in RYGB group after surgery; (**B**) percentage change in body weight significantly higher in RYGB group after surgery; (**C**) food intake significantly reduced in RYGB group at postoperative weeks 1, 2, and 3, and increased to same level as sham group at weeks 4 and thereafter; (**D**) fecal energy significantly higher in RYGB group at postoperative week 12. Values are means ± SEM. Statistical differences analyzed by one-way ANOVA followed by Student's *t*-test. \**P*\<0.05 vs sham; \*\**P*\<0.01 vs sham; \*\*\**P*\<0.001 vs sham; \*\*\*\**P*\<0.0001 vs sham.

Fecal Energy Measurement Revealed That More Energy Was Lost Through Defecation after RYGB {#S0004-S2002}
-----------------------------------------------------------------------------------------

Feces collected at 11 weeks after surgery were weighed and measured for energy levels. There was a significantly higher level of energy in feces from the RYGB group than the sham group ([Figure 2](#F0002){ref-type="fig"}D), indicating energy from food was lost markedly through feces in the long term after RYGB (12 weeks in mouse life span, equal to 7 years in human life span).[@CIT0012]

RYGB Reduced Fat Mass and Changed Body Composition in the Long Term {#S0004-S2003}
-------------------------------------------------------------------

Body﻿-composition measurement revealed that fat﻿-mass percentage had substantially decreased and lean﻿-mass percentage increased in the RYGB group compared with ﻿the sham group at 4 weeks after RYGB. Although the exact weight of lean mass was lowered by RYGB (data not shown) from postoperative week 4, the adiposity index was significantly reduced, indicating that body composition had become leaner. This alteration in body composition was maintained in the long term, as it remained unchanged at 12 weeks after RYGB ([Figure 3](#F0003){ref-type="fig"}).Figure 3RYGB reduced fat mass and adiposity index. (**A**) Percentage of fat mass calculated as ratio of fat mass to body weight; (**B**) percentage of lean mass calculated as ratio of lean mass to body weight; (**C**) adiposity index calculated as ratio of fat mass to lean mass. Statistical differences analyzed by one-way ANOVA followed by Student's *t*-test. \**P*\<0.05 vs sham.

EE had significantly increased at 8 weeks after surgery, and preferential substrate utilization for energy production was switched from fat to glucose at 12 weeks postoperatively. Data from the metabolic chambers showed that EE during the night was significantly higher in the RYGB group than the sham group at 8 weeks postoperatively. However, at 12 weeks after surgery, there was no difference between the groups ([Figure 4](#F0004){ref-type="fig"}A). RER values were found to be no different, significantly decreased, and significantly increased in the RYGB group compared to the sham group at 4, 8, and 12 weeks after surgery, respectively ([Figure 4](#F0004){ref-type="fig"}B), suggesting that preferential substrate utilization for energy production kept changing in the long-term postoperative course, specifically from fat at postoperative week 8 to glucose at 12 weeks after surgery.Figure 4RYGB had altered energy expenditure by postoperative week 8 and respiratory exchange ratio by 4, 8, and 12 weeks after surgery. (**A**) Energy expenditure per day normalized to total body weight; (**B**) respiratory exchange radio. Statistical differences analyzed by one-way ANOVA followed by Student's *t*-test. \**P*\<0.05 vs sham; \*\*\**P*\<0.001 vs sham; \*\*\*\**P*\<0.0001 vs sham.

RYGB Improved Glucose Tolerance and Insulin Sensitivity in the Long Term {#S0004-S2004}
------------------------------------------------------------------------

Mice in the RYGB group showed significant lower levels of blood glucose than mice in the sham group on the IPGTT ([Figure 5](#F0005){ref-type="fig"}, [A](#F0005){ref-type="fig"} and [B](#F0005){ref-type="fig"}). The ITT also revealed that blood﻿-glucose levels decreased in the RYGB group, in contrast to ﻿the sham group ([Figure 5](#F0005){ref-type="fig"}, [C](#F0005){ref-type="fig"} and [D](#F0005){ref-type="fig"}), suggesting mice in the RYGB group responded better to insulin than the sham group at 12 weeks postoperatively.Figure 5RYGB improved glucose metabolism. (**A**) Glucose excursion curves after IPGTT between sham and RYGB at postoperative week 12; (**B**) AUC for IPGTT between sham and RYGB at postoperative week 12; (**C**) glucose excursion curves after ITT between sham and RYGB at postoperative week 12; (**D**) AUC for ITT between sham and RYGB at postoperative week 12. Statistical differences analyzed by one-way ANOVA followed by Student's *t*-test. \**P*\<0.05 vs sham; \*\**P*\<0.01 vs sham; \*\*\**P*\<0.001 vs sham.

Discussion {#S0005}
==========

Although different mouse models have been used for investigating the mechanism of RYGB in many studies,[@CIT0009],[@CIT0010],[@CIT0013] it is technically demanding to perform RYGB on DIO mice. In this study, we succeded in establishing an effective RYGB model with no mortality, and surgical techniques were introduced in detail. Bypassing the small bowel is a key component of the bariatric and metabolic benefit of RYGB, but it can also lead to malnutrition if too much small bowel is excluded. In our pilot study, the length of BP limb (measured from Treitz ligament, as normal in human surgery) and AL limb were first set to be 6 cm each, which led to death from malnutrition within 5 weeks. With reference to a previous study that used a 6 cm--long AL limb and 2 cm--long BP limb,[@CIT0013] we shortened the length of both to 4cm each, which resulted in 36%±3.7% average body﻿-weight loss without malnutrition. Despite the small gastric pouch being used in the mouse model of RYGB,[@CIT0013] we found it would cause high mortality to create such a gastric pouch on DIO mouse from our previous attempts. Therefore, we used a modified RYGB model in which the EGJ was ligated to bypass the whole stomach, leaving the distal part of esophagus for the anastomosis to the AL limb.[@CIT0009] The outcome of weight loss and glucose metabolism in this study was consistent with reports using a gastric pouch, suggesting the effects of RYGB could be replicated in the presented mouse model. Tips for technical improvements presented in this report could be helpful to ensure the safety and efficiency of this surgical procedure.

Similarly to other reports,[@CIT0012]--[@CIT0015] body weight and food intake both declined within the first 2 weeks in the sham group, then started to increase thereafter, indicating the impact of surgical stress lasted for about 2 weeks. Mice in the RYGB group, however, continued to lose weight until 5 weeks after surgery. At 12 weeks after surgery, unlike the mice in the sham group, which regained all the lost weight and became 16%±2% heavier, the body weight of mice in the RYGB group remained low level, despite the food intake being increased to the same as ﻿the sham group from postoperative week 4. These findings demonstrated that RYGB is effective on long-term body-weight control, which is consistent with other studies.[@CIT0012]--[@CIT0015] Although some investigations have found that food intake increased significantly late after RYGB,[@CIT0013],[@CIT0016] there was no difference between the RYGB group and sham group from postoperative week 4, which might partially be caused by the fact that the entire stomach was excluded in our model, instead of leaving a gastric pouch.

Excessive fat accumulation was the key factor in the development of insulin resistance and metabolic syndrome, and thus reductions in fat mass would ameliorate metabolic disorders.[@CIT0017]--[@CIT0019] Clinical studies have proved that RYGB can lead to higher remission rates of T2DM than vertical sleeve gastrectomy or long-term medical treatment.[@CIT0003],[@CIT0020] In this study, body composition was found to be changed by RYGB, demonstrated by reduced fat mass, reduced adiposity index, and increased percentage of lean mass over body weight at all time points in postoperative weeks 4, 8, and 12. Therefore, it could be concluded that fat﻿-mass reduction is the major contributor in body﻿-weight loss after RYGB and this effect remains unchanged in the long term. As a result, insulin sensitivity was significantly improved, as reflected by the ITT. In addition, prompt insulin response to glucose uptake was enhanced by RYGB, supported by the finding of IPGTTs that the time point of blood﻿-glucose peak level was 15 minutes in RYGB group, which was earlier than that in sham group. Notably, these measurements were conducted at 12 weeks after surgery, proving that the bariatric and metabolic effects of RYGB were maintained in the long term after surgery.

Excessive energy transformed into lipids was considered the cause of obesity,[@CIT0021],[@CIT0022] and thus the balance of energy input and output is the key factor that regulates body weight. At 4 weeks after surgery, EE was not different in sham group, despite body weight being significantly reduced in the RYGB group. However, food intake was remarkably less in the RYGB group within the first 3 weeks after surgery compared to the sham group, which might have been the main contributor to body﻿-weight loss during this period. After postoperative week 4, food intake in RYGB group increased to the same as the sham group, but body weight remained low. Metabolic chambers revealed that EE had become significantly higher in the RYGB group at postoperative week 8 during the dark cycle, suggesting increased energy output might play an important role in maintaining low body weight in this period. EE was increased during the light cycle at 9 weeks after RYGB, according to Hao et al's report﻿.[@CIT0013] In our study, though there was a trend of EE enhancement in the RYGB group, the difference was not significant between the groups, which might have resulted from the small sample. At 12 weeks after surgery, however, EE in the RYGB group had dropped back to the same as the sham group, indicating the augmentation effect of RYGB on EE was not durable in the long term. Taking the same food intake into consideration, some other factor might have contributed to the maintenance of low body weight in the RYGB group. The alimentary tract is realigned after RYGB, which alters the digestion and absorption of nutrients.[@CIT0023],[@CIT0024] A study on rats found that the gross energy content of feces was significantly greater in the RYGB group than the sham group.[@CIT0025] Fecal energy analysis in our study proved that there was more energy contained infeces from mice that had undergone RYGB than sham surgery, suggesting RYGB led to more energy loss through defecation. Therefore, increased energy loss through defecation might contribute to maintaining low body weight in the long term after surgery.

The RER represents preferential substrate utilization for producing mitochondrial ATP, and is usually used for determining the ratio of fat and carbohydrates as energy resource.[@CIT0026] At week 4 after surgery, RER was not different between the two groups, meaning the preferential resource of energy production had not been changed by RYGB yet. At postoperative week 8, RER had decreased, suggesting there was more fat utilized to produce energy by mice in the RYGB group than the sham group. At week 12 after surgery, the RYGB group showed increased RER, suggesting that mice used more glucose for energy production. Therefore, although the effect of raising EE by RYGB was diminished in the long term, glucose utilization was enhanced, which could be beneficial for maintaining normal blood﻿-glucose levels. These findings might help to explain why some patients retain normal glucose metabolism despite body﻿-weight regain many years after RYGB.

Conclusion {#S0006}
==========

This study revealed the long-term energy﻿-metabolism profile after RYGB with regard to EE, preferential substrate utilization, and fecal energy loss, implicating multiple mechanisms might be involved in the long-term effects of RYGB. These findings will provide new insights for the future study of metabolic surgery and obesity.
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